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SUMMARY
Porphyromonas gingivalis and Tannerella forsythia are Gram-negative pathogens strongly 
associated with periodontitis. Their abilities to interact, invade and persist within host cells are 
considered crucial to their pathogenicity, but the mechanisms by which they subvert host defences 
are not well understood. In this study, we set out to investigate whether P. gingivalis and T. 
forsythia directly target key signalling molecules which may modulate the host cell phenotype to 
favour invasion and persistence. Our data identify, for the first time, that P. gingivalis, but not T. 
forsythia, reduces levels of intracellular mammalian target of rapamycin (mTOR) in oral epithelial 
cells following invasion over a 4 hour time course, via the action of gingipains. The ability of 
cytochalasin D to abrogate P. gingivalis-mediated mTOR degradation suggests that this effect is 
dependent upon cellular invasion. We also show that levels of several other proteins in the mTOR 
signalling pathway are modulated by gingipains, either directly or as a consequence of mTOR 
degradation including p-4E-BP1. Taken together, our data suggests that P. gingivalis manipulates 
the mTOR pathway, providing evidence for a potentially novel mechanism by which P. gingivalis 
mediates its effects on host cell responses to infection.
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Introduction
Periodontitis is a chronic condition characterised by the inflammation of the ligaments and 
other structures supporting the teeth. Pathogenesis results from a combination of the host 
response to microbial challenge and the direct effects of bacterial virulence factors that 
result in destruction of both hard and soft tissues in the periodontium (Ready et al., 2008). 
While periodontitis is a polymicrobial disease, the pathogens predominantly responsible are 
considered to be the red-complex anaerobes Porphyromonas gingivalis, Treponema 
denticola and Tannerella forsythia (Socransky et al., 1998).
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Both P. gingivalis and T. forsythia are Gram-negative bacteria harbouring numerous 
virulence factors which contribute to tissue destruction and host invasion (Holt and Ebersole 
2005, Tanner and Izard 2006, Sharma 2010, Stafford et al., 2012). Examples of such 
virulence factors include lipopolysaccharide (LPS), gingipain proteases, lipoproteins and 
fimbriae in the case of P. gingivalis (Holt et al., 1999), and the fibronectin binding protein 
BspA, a unique glycosylated S-layer (Posch et al., 2011, Settem et al., 2012) and sialidase 
for T. forsythia (Sharma et al., 1998, Sharma et al., 2005, Roy et al., 2011). LPS on the outer 
surface of both bacteria as well as BspA have been shown to interact with TLR2 on oral 
epithelial cells (Burns et al., 2006, Myneni et al., 2011) and trigger IL-6 release. The 
fimbriae of P. gingivalis are also involved in cell invasion and bacterial internalisation 
(Weinberg et al., 1997). Other well-known virulence factors are the proteases secreted by 
both bacteria; P. gingivalis secretes a suite of cysteine-proteases with trypsin-like activity 
(Kuramitsu 1998), while T. forsythia produces a xenologue of MMP-9 (karilysin) that is 
known to inhibit components of the complement system, and the protease PrtH that has been 
identified as a cytocidal toxin (Cct) (Nakajima et al., 2006, Jusko et al., 2012). Thus, it is 
evident that periodontal pathogens employ several mechanisms to colonise surfaces, invade 
host cells and evade immune surveillance.
The mammalian target of rapamycin (mTOR), a serine/threonine kinase, integrates several 
key processes such as cell growth, proliferation, cell motility, cell survival, protein synthesis 
and transcription (Hay and Sonenberg 2004). mTOR has been implicated in the regulation of 
pro-inflammatory cytokines expression following bacterial challenge (Säemann et al., 2009) 
as well as in the autophagic pathway (Jung et al., 2010). Recent studies have also shown that 
amino acid starvation induced by bacterial pathogens modulates the mTOR pathway (Tattoli 
et al., 2012). Previous studies have shown that P. gingivalis induces autophagy in endothelial 
cells (Dorn et al., 2001) and affects both cell proliferation and cell growth in osteoblastic/
stromal cells, in human trophoblasts (Kato et al., 2008, Inaba et al., 2009) and gingival 
epithelial cells (Andrian et al., 2006). Mechanisms underlying these changes however, 
remain to be elucidated. Since mTOR is key to several of the cellular responses elicited by 
periodontal pathogens such as P. gingivalis, this study aimed to determine whether 
periodontal pathogens are able to influence the mTOR signalling pathway.
Materials and Methods
Reagents and Antibodies
Unless otherwise stated all chemical reagents were from Sigma (Poole, UK) and all mTOR 
pathway antibodies used were from Cell Signalling (New England Biolabs, Hitchin, UK). 
Mouse-anti-GAPDH was from Sigma. Antibodies against P. gingivalis were prepared within 
the Sheffield Antibody Unit (BioServ UK Ltd, Sheffield, UK) by inoculating New Zealand 
rabbits with formalin-fixed whole P. gingivalis (strain NCTC11834).
Cell culture
The oral squamous cell carcinoma (OSCC)-derived cell line H357 (a generous gift of 
Professor S. Prime, University of Bristol, UK) was grown and maintained in Dulbecco’ s 
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Modified Eagle’ s medium supplemented with 10% (v/v) foetal bovine sera and 2 mM L-
glutamine.
Immortalised human oral keratinocytes (OKF6/Tert2) (Dickson et al., 2000) were kindly 
provided by Dr. J. Rheinwald (Harvard Medical School, Cambridge, MA, UK) and were 
grown in defined keratinocyte-SFM supplemented with defined growth supplements (Fisher 
Scientific). Cells were grown to 70-80% confluence and the media changed every 3-4 days.
Bacterial strains and growth conditions
Bacterial strains used were T. forsythia (ATCC 43037) and the P. gingivalis strains 
NCTC11834 and W50 (ATCC 53978) and the derivative W50 isogenic mutants E8 
(rgpA::Em rgpB::Tet) and K1A (kgp::Em mutant) (Aduse-Opoku et al., 2000). Both the 
parental strain W50 and the E8 and K1A mutants were kindly supplied by Professor. M. 
Curtis (Barts and The London School of Medicine and Dentistry, UK).
All bacterial strains were grown under anaerobic conditions (10% CO2, 10% H2, and 80% 
N2) at 37°C. P. gingivalis strains were grown and maintained on Fastidious Anaerobe agar 
(FA; Lab M, Bury, UK) supplemented with 5% (v/v) oxylated horse blood (Oxoid, Fisher 
Scientific, Loughborough, UK). For growth in liquid cultures, P. gingivalis was grown in 
brain heart infusion broth (BHI; Difco laboratories, East Molesey, Surrey, UK) 
supplemented with 0.5% (w/v) yeast extract, hemin (5μg/ml), vitamin K (0.5 μg/ml) and 
cysteine (0.1% (w/v)). T. forsythia was maintained on FA agar supplemented with 5% (v/v) 
oxylated horse blood and 0.17 mM N-acetylmuramic acid (NAM). For growth in liquid 
cultures, T. forsythia was grown in tryptic soy broth (TSB) supplemented with 0.5% (w/v) 
yeast extract, hemin (5μg/ml), vitamin K (0.5 μg/ml), 0.17 mM N-acetylmuramic acid 
(NAM) and cysteine (0.1% (w/v)).
Construction of an rpgABkgp triple mutant
To create a strain devoid of all gingipains in P. gingivalis W50 background, kgp, the gene 
encoding the lysine-specific gingipain was deleted in the rgpA::EmrgpB::Tet 
(E8,ΔrgpAΔrgpB) strain. Briefly, DNA regions flanking the kgp gene were amplified by 
PCR using the primers kgp5ᓉ(CTGCAGAAGTTCACTCTTTC) and kgp5ᓉCatRev 
(CCAGTGATTTTTTTCTCCACTTTAAAACAATTTATGGTCG) for the 5ᓉflanking region 
and primers kgp3ᓉCat 
(ACGACCATAAATTGTTTTAAAGTGGAGAAAAAAATCACTGG) and kgp3ᓉRev 
(GGCTTTACACTACCGCGCTT) for the 3ᓉflanking region and the Phusion Polymerase 
(NEB) according to manufacturer’ s instructions. The chloramphenicol resistance cassette 
was amplified from plasmid pCM18 (a gift from Dr. N Jakubovics, Newcastle, UK) using 
primers Catfor 
(ACAGAATTACTTTACAGCGAGTTTCTCTATTACGCCCCGCCCTGCCACTC) and 
Catrev (ACAGAATTACTTTACAGCGAGTTTCTCTATTACGCCCCGCCCTGCCACTC). 
The three PCR products were mixed at equimolar ratios, heated to 95°C, annealed for 1 h at 
30°C, followed by an extension step at 42°C for 5 min. Overlapping PCR was then 
performed to produce a PCR product of 2.8kb using Phusion Polymerase according to the 
manufacturer’ s instructions. Following purification (QIAquick PCR Purification Kit, 
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Qiagen, Crawley, UK), 200ng of the PCR product was electroporated into the E8 strain 
(BioRad micropulser, 2.5kV) as previously described (Aduse-Opoku et al., 2000). TcR EmR 
CmR colonies were screened by PCR for deletion of the kgp gene. The Arg-specific and 
Lys-specific gingipain activities were determined in chromogenic assays using N-benzoyl-
DL-Arg-p-nitroanilide (BApNA) and N-(p-Tosyl)-Gly-Pro-Lys 4-nitroanilide acetate salt 
(TGPLNA; Fisher-Scientific,) as substrates as previously described (Brien-simpson et al., 
2001). P. gingivalis fixed with 4% (w/v) paraformaldehyde and resuspended at OD600 of 0.5 
were used as a control in both proteinase assays.
Invasion assay
Invasion of P. gingivalis strains NCTC118324, W50 and T. forsythia (ATCC 43037) in both 
H357 and OK-F6 were quantified by an antibiotic protection assay as previously described 
(Suwannakul et al., 2010, Honma et al., 2011).
Bacterial challenge and treatment
OK-F6 and H357 were seeded at a density of ~500 cells/cm2 and cultures overnight. After 
replacing the media with either DMEM or K-SFM, both supplemented with 0.5% (v/v) FCS, 
the cells were challenged with either P. gingivalis NCTC11834 or T. forsythia at an MOI:
100 for 4h. After treatment, the cells were washed twice with phosphate buffered saline 
(PBS) and resuspended in RIPA buffer containing  ?-mercaptoethanol (1:100) and 
supplemented with Complete EDTA-free protease cocktail inhibitors (Roche, West Sussex, 
UK) and PhosStop Phosphatase inhibitor cocktail (Roche) for extraction and solubilisation 
of total proteins. Both protease inhibitors were used according to manufacturer’ s 
instructions. Lysed cells were stored at −80°C overnight and after centrifugation (14 000 g, 
15 min, 4°C), the supernatants containing proteins were removed and stored at −80°C until 
used. Unchallenged cells were used as a negative control. For experiments in the presence of 
cytochalasin D, OK-F6 cells were pre-treated for 30 min with 1 μg/ml cytochalasin D 
(Kinane et al., 2012) after which they were washed three times with PBS before treatment 
with P. gingivalis as described above. Statistical analysis was performed by Student’ s t test 
and p value of less than 0.05 (*, p<0.05) was considered significant.
Assay for intracellular protein degradation with crude gingipain preparations 
(supernatants and cell-associated gingipains) of P. gingivalis and extracellular proteases 
of T. forsythia
To prepare crude gingipain preparations, P. gingivalis strains W50, E8, K1A and the triple 
mutant E18 (rpgABkgp) were grown as liquid cultures in BHI media overnight to stationary 
phase. The cultures were then normalised according to their OD600 values (OD600=1.0) 
using BHI before removal of whole cells by centrifugation (14 000 g, 20 min) and filtration 
through a 0.45 μm filter. Whole bacterial cells were kept on ice for use in assays with OK-F6 
cell lysates as ‘ cell-associated’  gingipain preparations. The cleared protein supernatants 
were assayed for arginine-specific and lysine-specific gingipain protease activity using 
chromogenic substrates BAPNA and TGPL-pNa as previously described (Brien-simpson et 
al., 2001) and used immediately. In all assays, the gingipain-containing supernatants were 
normalised to cell number by dilution with BHI media and in all cases the cell density of the 
cultures used differed by no more than 10%.
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Oral epithelial cell lysates were prepared from OK-F6 cells using identical growth 
conditions as described above. The cells were then stored at −80°C for no longer than a 1 
week before resuspension in PBS. Following centrifugation (14000 g, 10 min, 4°C), the 
culture supernatant was transferred into a fresh tube and total protein concentration 
determined using the RCDC protein assay (Pierce, Thermo Scientific, Northumberland, UK). 
OK-F6 cell lysate (20 μg) was incubated with normalised P. gingivalis culture supernatant 
(20, 10 or 2 μl) in the presence of either leupeptin (0.2 mM) or Na-Tosyl-Lysine 
Choromethyl Ketone (TLCK, 0.5 mM) for 30 min after which Laemlli SDS sample buffer 
was added and samples denatured at 95°C. Samples were separated by SDS-PAGE and 
immunoblotted for mTOR or other signalling proteins.
Similarly, to determine the effect of cell-associated or secreted gingipains for the wild-type 
compared to the isogenic rgp, kgp and rgpkgp mutants, OK-F6 cell lysates (20 μg) were 
incubated with either whole, washed bacterial cells (cell-associated activity) or the 
supernatants (secreted activity) from the same culture, normalised for cell number. 
Uninoculated bacterial media was used as a control (BHI) and mTOR levels determined by 
immunoblotting. The effects of any cell-associated and secreted proteases from T. forsythia 
were also investigated as described above following normalisation for cell number.
Western blotting
Total protein was extracted from harvested cells in supplemented RIPA buffer and total 
protein concentration was determined using the RCDC assay (Pierce) according to 
manufacturer’ s instructions. For western blotting, proteins (20 μg) were subjected to SDS-
PAGE using (3-8% (w/v) tris-acetate or bis-tris (4-12% (w/v)) gels and transferred to 
nitrocellulose membrane. Membranes were blocked with TBST (137 mM NaCl, 20 mM 
Tris, 0.1% (v/v) Tween, pH 7.6) supplemented with 5% (w/v) powdered skimmed milk for 1 
h at room temperature before incubation with primary antibody (1:1000 in 5% (w/v) BSA in 
TBST) overnight at 4°C. After overnight incubation, membranes were washed with TBST 
and incubated with HRP-conjugated secondary antibodies (anti-rabbit 1:1000 or anti-mouse 
1:3000) in blocking buffer for 1 h. Primary mouse anti-GAPDH antibody (1:10 000) was 
used as a loading control. After washing, protein expression was visualised by incubation 
with enhanced chemiluminescence (ECL reagents, Pierce) and exposed to CL-Xposure films 
(Pierce, Thermo Scientific). Blots are representative of at least three independent 
observations and densitometry was performed with Adobe Photoshop.
RESULTS
P. gingivalis induces mTOR degradation in oral epithelial cells
To examine the effects of P. gingivalis and T. forsythia on host cell signalling pathways, we 
first interrogated their ability to invade oral epithelial cells. Both pathogens invaded both the 
oral squamous cell carcinoma (OSCC)-derived cell line H357 and the immortalised 
keratinocyte OK-F6 cell line, although higher invasion levels was consistently observed in 
the OK-F6 cells (Fig. 1A) using a standard antibiotic protection assay.
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Following incubation of both H357 and OK-F6 with either live T. forsythia or P. gingivalis 
NCTC11834 at an MOI:100 for 4 h, changes in mTOR protein were investigated by 
immunoblotting. Cells challenged with media only were used as control. Whilst un-degraded 
mTOR (289 kDa) was the only band detected in both control and T. forsythia-treated 
samples, a marked decrease in mTOR levels together with a characteristic cleavage pattern 
was observed following treatment with P. gingivalis NCTC11834 (Fig. 1B). This 
degradation was detected both in H357 (Left panel; Pg Lane, Fig. 1B) and OK-F6 (Right 
Panel, Pg Lane, Fig. 1B) cells using specific antibodies for both total mTOR and 
phosphorylated mTOR (p-mTOR), while levels of the GAPDH loading control were 
unaffected (Fig. 1B).
mTOR degradation is mediated by gingipains
To determine whether the degradation of mTOR was mediated by P. gingivalis gingipains, 
the effects of protease inhibitors on degradation was examined in a cell-free assay. Briefly, 
total protein extracted from OK-F6 oral epithelial cells was incubated with decreasing 
volumes of P. gingivalis culture supernatants from a liquid culture of P. gingivalis 
NCTC11834 in the presence and absence of protease inhibitors and mTOR levels were 
assessed by immunoblotting.
In the absence of these inhibitors, a dose-dependent degradation of mTOR was observed; 
that is, increasing amounts of full-length mTOR were detectable with decreasing volumes of 
P. gingivalis culture containing secreted gingipains (Fig. 2; lanes 1, 4 and 7). In the presence 
of both 20μl and 10μl of P. gingivalis NCTC11834 culture supernatant, mTOR could not be 
detected whilst in the presence of 2 μl supernatant un-degraded mTOR could be observed 
(Fig. 2). In the presence of the Arg-gingipain specific inhibitor leupeptin, only a small effect 
on mTOR degradation was seen (lanes 2, 5 and 8), while a marked reduction in mTOR 
degradation was observed in the presence of the inhibitor TLCK (lanes 3, 6 and 9), which is 
a potent inhibitor of Lys-specific gingipain and a weak inhibitor of Arg specific gingipain 
(Fig. 2).
To further investigate the role of gingipains, the effects of crude gingipain preparations from 
a panel of isogenic P. gingivalis W50 gingipain mutants on mTOR were studied. The strains 
used were wild-type strain W50, the rgp- mutant E8, kgp- mutant KIA and a newly created 
rgpABkgp triple mutant (EK18) generated in this study. This rgpABkgp− strain produces 
neither Arg- or Lys-gingipains (Fig. 3A), does not invade cells but has an unaltered growth 
rate in BHI-medium (data not shown). OK-F6 cell lysates were incubated with either culture 
supernatants (containing secreted gingipains) or whole bacterial cells (containing cell-
associated gingipains) from bacterial liquid cultures grown overnight and normalised by 
measurement of OD600 and probed for mTOR levels by immunoblotting. As expected, full-
length mTOR could not be detected following treatment with culture supernatant from the P. 
gingivalis wild-type strain W50 (Fig. 3B). The degradation was slightly decreased when 
challenged with the rgp− E8 mutant, and greatly reduced with the kgp− K1A mutant. No 
degradation was observed following incubation with supernatant from the triple rgpABkgp 
mutant, which is deficient in both Arg- and Lys-gingipains. Degradation was similarly 
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observed when the epithelial cell lysate was incubated with whole P. gingivalis cells (cell-
associated activity; Fig.3C).
Effect of P. gingivalis on AKT, an upstream modulator of mTOR signalling
To determine the effect upstream of mTOR, the levels of both total and phosphorylated AKT 
(p-AKT; S473) following invasion with live P. gingivalis 4h post-infection was examined by 
immunoblotting. A slight reduction in both forms were observed (Fig. 4A) whilst GAPDH 
levels remain unchanged.
Further investigations showed that AKT degradation was influenced by cell-free gingipains 
as a marked reduction was observed following incubation of (20 μg) cell lysate with culture 
supernatants containing gingipains from the wild-type strain W50 when compared to the 
triple gingipain mutant rgp−kgp− (Fig. 4B) while GAPDH levels were unaffected (shown in 
Fig. 3C, as these were performed on the same samples). Cell-associated and secreted 
protease containing fractions from T. forsythia in the cell-free system under identical 
conditions did not degrade mTOR (data not shown).
Effect of P. gingivalis on downstream mTOR signalling pathway proteins
To explore whether invasion by P. gingivalis affected mTOR-associated proteins and 
signalling pathways downstream of mTOR, total protein extracts from OK-F6 cells were 
challenged with P. gingivalis NCTC11834 and then probed with antibodies to a panel of 
proteins involved in the mTOR signalling pathway using immunoblotting.
The levels of the mTOR Complex (mTORC) 1-associated protein, raptor, and the mTORC2-
associated protein, rictor, were reduced 4h post P. gingivalis infection when compared to the 
control whilst G ?L, a positive regulator associated with both complexes, remained 
unchanged (Fig. 5). In addition, we probed for the phosphorylated form of the downstream 
target of mTORC1, 4E-BP1 (p-4E-BP1 T37/46) showed that levels of p-4E-BP1 protein 
expression were also reduced (Fig. 5) compared to uninfected control. Similarly, the levels 
of  ?-actin were markedly decreased when compared to the non-treated control sample (Fig. 
5).
P. gingivalis internalisation is required for mTOR degradation
To determine whether mTOR degradation was dependent on internalisation of P. gingivalis 
or simply caused by the action of secreted gingipains entering the cell, OK-F6 cells pre-
treated with cytochalasin D for 30 min were challenged with P. gingivalis for 4 h. Treatment 
of OK-F6 cells with cytochalasin D caused a 5 fold reduction in P. gingivalis invasion when 
compared to untreated controls (Fig. 6A). In the absence of cytochalasin D (Fig. 6B), mTOR 
degradation in response of P. gingivalis was observed. However, treatment with cytochalasin 
D markedly inhinited mTOR degradation, suggesting that invasion is required for 
degradation of mTOR (Fig. 6A).
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DISCUSSION
The aims of this study were to determine the effects of periodontal pathogens P. gingivalis 
and T. forsythia on mTOR and its signalling pathways. Having established that both P. 
gingivalis and T. forsythia invaded the oral squamous cell carcinoma (OSCC)-derived cell 
line H357, in keeping with our previous findings (Suwannakul et al., 2010) and the 
immortalised oral keratinocyte OK-F6 cell line, levels of mTOR were assessed by 
immunoblotting. The degradation of both total and p-mTOR in the H357 and OK-F6 cell 
lines indicates that this phenomenon was cell line independent and importantly P. gingivalis-
dependent as no degradation was observed with T. forsythia. A 4h incubation period was 
chosen to allow sufficient time for invasion (known to occur within 90 min; (Lamont et al., 
1995)). Infection was carried out at an MOI:100 as this has previously been shown to be 
optimal for invasion (Lamont et al., 1995) and frequently used in studies of modulation of 
host cell phentotype by P. gingivalis (Stathopoulou et al., 2009). This MOI does not affect 
the viability of the epithelial cells following infection with P. gingivalis (Madianos et al., 
1996, Fravalo et al., 1996). Data by Stathopoulou and colleagues (2009) have also shown 
that there is no evidence of apoptosis when cells were infected with P. gingivalis (MOI: 100) 
for 4 h. Thus, in our study, P. gingivalis challenge at an MOI 100 for 4 h will allow the early 
cell responses following invasion to be determined without time for apoptosis to influence 
cell signalling responses.
The differential effect of T. forsythia and P. gingivalis on mTOR was unexpected as T. 
forsythia is known to secrete proteases such as karilysin (Karim et al., 2010, Cerdà-Costa et 
al., 2011, Jusko et al., 2012) and prtH/ cct (Nakajima et al., 2006). Our findings suggest that 
although T. forsythia invaded H357 and OK-F6 cells as efficiently as P. gingivalis, under our 
experimental conditions, it is unlikely that mTOR is a substrate for the proteases secreted by 
T. forsythia. Another explanation might be that the proteases are not expressed by T. 
forsythia inside epithelial cells. Whilst we have no direct evidence for this, it is noteworthy 
that both karilysin and PrtH act extracellularly with karilysin inhibiting several pathways of 
the complement system (Jusko et al., 2012) and inactivating the anti-bacterial peptide LL-37 
(Koziel et al., 2010), while PrtH is able to detach epithelial cells from surfaces (Nakajima et 
al., 2006, Pei and Grishin 2009). These findings also support previously published data that 
P. gingivalis and T. forsythia trigger different signalling pathways following invasion to 
modulate host cell responses (Bodet et al., 2006). Since changes in mTOR levels were only 
observed with P. gingivalis, the rest of the study focussed on investigating changes in mTOR 
signalling after P. gingivalis challenge.
We next set out to investigate the mechanisms underlying the mTOR degradation elicited by 
P. gingivalis in a cell-free assay. The dose-dependent degradation observed in the presence 
of increasing volumes of P. gingivalis NCTC11834 supernatants suggests that this might be 
mediated by P. gingivalis secreted gingipains. This hypothesis was further corroborated by 
data obtained from examining degradation in the presence of protease inhibitors. The slight 
decrease in mTOR degradation in the presence of the Arg-gingipain specific inhibitor 
leupeptin compared to the strong inhibition in degradation in the presence of Lys-specific 
gingipain inhibitor TLCK, confirmed that degradation of mTOR was gingipain-dependent 
and suggested that Lys-gingipain might be predominantly responsible for this phenomenon.
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We thus hypothesised that the observed degradation is primarily mediated by Lys-specific 
gingipain; this was corroborated in a cell free assay using a panel of isogenic P. gingivalis 
W50 gingipain mutants. A cell-free assay was chosen to investigate these changes as levels 
of invasions between the rgpAB and kgp strains are not comparable (Suwannakul et al., 
2010) and these mutants have pleiotropic phenotypes such as alterations in fimbrial 
maturation that may also influence host-bacterial interactions, which is probably why, the 
rgpABkgp triple mutant is non-invasive (data not shown). The degradation mediated by the 
wild-type strain W50 shows that this phenomenon is not strain-specific whilst inhibition of 
degradation with the triple mutant rgpABkgp− substantiates the hypothesis that gingipains 
are fundamental for this process. Since degradation of mTOR in epithelial cell lysate was 
observed both with bacterial culture supernatants (secreted gingipains) and whole bacterial 
cells (cell-associated activity), the data taken together, confirmed that mTOR is degraded by 
both P. gingivalis cell-associated and secreted gingipains.
Upstream of mTOR signalling is the serine/threonine kinase AKT, also known as protein 
kinase B (Peng et al., 2003). mTOR activation is dependent on the binding of PI3K and 
subsequent phosphorylation of AKT (Peng et al., 2003). The phosphatidylinositol 3-kinase 
(PI3K)/AKT signalling pathway is involved in several processes including cell proliferation, 
survival, growth and motility, some of which are mTOR-mediated. The slight reduction in 
the levels of both total and phosphorylated AKT demonstrated here was also attributed to 
cell-free gingipains. Our results are in contrast to previous studies which showed that P. 
gingivalis LPS activates the PI3K-AKT pathway in a TLR2-dependent manner in human 
monocytes (Martin et al., 2003), while increases in AKT after 24h infection with live P. 
gingivalis has been observed in gingival epithelial cells (Yilmaz et al., 2004). The reasons 
for this difference are unclear but may be due to both the time point at which the 
observations were made and the cells used.
Since P. gingivalis has an effect on mTOR levels, we explored whether invasion of cells by P. 
gingivalis affected both mTOR-complex-associated proteins and proteins downstream of 
mTOR. The mTOR pathway comprises two distinct multi-protein complexes known as 
mTORC1 and mTORC2, with the specific functions of the complexes determined by the 
regulatory proteins they contain. mTORC1 specifically contains raptor (regulatory-
associated protein of mTOR) and is essentially involved in cell growth, proliferation and 
autophagy (Kim et al., 2002, Laplante and Sabatini 2009). Although the exact function of 
most of the mTOR-binding proteins remains to be elucidated, it has been proposed that 
raptor regulates the assembly of the complex, recruits mTORC1 substrates, such as 4E-BP1 
and p70SO6, and catalyses their phosphorylation (Hara et al., 2002) so is essential for 
mTOR signalling in vivo (Nojima et al., 2003).
Following P. gingivalis treatment, the levels of mTORC1 associated protein raptor was 
reduced. The combined reduction in levels of both mTOR and raptor suggest that P. 
gingivalis is likely to have a downstream effect in the mTORC1 signalling pathway and this 
was further corroborated by the fact that the levels of phosphorylated-4E-BP1 decreased. 
The mTOR substrate 4E-BP1 is important in mTORC1-mediated cell proliferation but not 
cell growth (Dowling et al., 2010) with its phosphorylation being linked to increased cellular 
proliferation as well as elevated levels of cyclin D1(CCND1) mRNA; CCND1 encodes a 
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protein normally required for G1/S transition in the cell cycle (Barnhart et al., 2008). 
Previous studies have reported an increase in cell proliferation following P. gingivalis 
infection in gingival epithelial cells (Kuboniwa et al., 2008) and a decrease in cell 
proliferation in the extravillous trophoblast cell line, HTR-8 (Inaba et al., 2009). Our 
observation that levels of phospho-4E-BP1 are reduced could therefore be a plausible 
explanation for the decrease in cell proliferation reported (Inaba et al., 2009). This 
suggestion is also supported by previous findings that a decrease in CCND1 is observed 
following P. gingivalis invasion (Kato et al., 2008, Inaba et al., 2009). This, coupled with the 
gingipain-mediated degradation of mTOR, suggests that following infection, the mTORC1 
signalling pathway is severely impacted.
G ?L, a positive regulator of mTOR, is associated with both mTORC1 and mTORC2 (Kim et 
al., 2003). Within mTORC1, G ?L interacts directly with mTOR and increases its kinase 
activity. Following bacterial challenge, levels of G ?L remained unchanged showing that the 
P. gingivalis proteolytic effects are specific to a subset of substrates within the mTOR 
pathway.
Having examined potential effects on mTORC1, we also investigated whether the gingipains 
were having an effect on the much less well characterised mTORC2 complex. The 
composition of this complex differs from mTORC1, with rictor, the rapamycin-insensitive 
companion of mTOR, being a key component that is essential for its function as highlighted 
by its role in the modulation of the phosphorylation of protein kinase C 挀 (PKC ?) and the 
actin cytoskeleton (Sarbassov et al., 2004). The significant reduction in rictor levels suggest 
that the functions mediated by mTORC2 might also be dysregulated. The levels of  ?-actin 
was also found to be altered, corroborating the recent findings of Kinane et al. (2012) who, 
using a similar approach, showed actin degradation by gingipains.
To determine whether mTOR degradation was dependent on internalisation of P. gingivalis 
or was a consequence of secreted gingipains, the effect of cytochalasin D on mTOR 
degradation was investigated. Cytochalasin D is a fungal metabolite that inhibits actin 
polymerisation (Casella et al., 1981) and is known to inhibit invasion of both oral epithelial 
cells (Nakagawa et al., 2006) and endothelial cells (Deshpande et al., 1998, Dorn et al., 
2001) by P. gingivalis. In addition the recent work of Kinane and co-workers showed that 
intracellular degradation of actin was abrogated following incubation with cytochalasin D in 
human gingival epithelial cells (Kinane et al., 2012). In our study, the inhibition of mTOR 
degradation together with a 5-fold reduction in invasion indicates that invasion is required 
for degradation of mTOR. In addition, we also confirmed the observation by Kinane et al 
(2012) that actin degradation by P. gingivalis is inhibited by cytochalasin D. Our data 
indicate, that the gingipain-dependent degradation of mTOR requires the action of P. 
gingivalis cell-associated or secreted gingipains deployed after invading host cells.
In conclusion, in this study we have highlighted for the first time a direct effect of the 
periodontal pathogen P. gingivalis on the mTOR signalling pathway. In contrast, this was not 
the case for its fellow red-complex pathogen T. forsythia. We have thus further highlighted 
the fact that these pathogens stimulate differential host cell responses following infection. 
Our data demonstrate that mTOR degradation by P. gingivalis is mediated by both secreted 
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and cell-associated gingipains, again illustrating that deployment of gingipains is a central 
strategy used by P. gingivalis to manipulate host cell responses (Sheets et al., 2005, 
Stathopoulou et al., 2009). We further showed that P. gingivalis invasion of oral epithelial 
cells is required for mTOR degradation. We also observed changes in the levels of mTOR 
associated proteins such as raptor (mTORC1), rictor (mTORC2) and observed alterations in 
downstream signalling proteins such as 4E-BP1 (mTORC1 dependent pathway) and actin, 
suggesting that P. gingivalis-mediated mTOR degradation is one facet of how cellular 
responses are influenced by infection.
Our study adds to the mechanistic picture of how P. gingivalis, and specifically its 
gingipains, exerts its myriad of cellular responses. Specifically, degradation of mTOR may 
contribute to the modulation of some of the cellular changes such as proliferation, survival 
and induction of autophagy, which are observed following P. gingivalis invasion and 
internalisation (Dorn et al., 2001, Yamatake et al., 2007, Jung et al., 2010, Mizushima and 
Komatsu 2011, Yuk et al., 2012). While a link between P. gingivalis and autophagy in other 
cells such as the coronary artery endothelial cells has been established (Dorn et al., 2001, 
Bélanger et al., 2006), recent studies have also documented autophagy in the gingival 
fibroblasts of periodontal patients (Bullon et al., 2012). It is therefore tempting to speculate 
that the data presented here indicate that there may be a link between P. gingivalis 
internalisation and persistence in oral epithelial cells that is related to its ability to engage 
autophagy pathways. Furthermore, it is becoming clear that autophagy may play a role in a 
wide range of infections including the alterations of intracellular defence pathway following 
infection by bacteria such as Mycobacterium tuberculosis (Gutierrez et al., 2004) or viruses 
(Grose 2010). Work is ongoing in our laboratories to further investigate the influence of P. 
gingivalis-induced mTOR degradation on cellular processes, including cell proliferation and 
autophagy.
Acknowledgements
Work in the laboratories of DWL, GPS and CWID is supported by Grants from the Dunhill Medical Trust 
(R141/1109) to DWL, GPS and CWID while JH was supported by a PhD award from the Royal College of 
Surgeons.
References
Aduse-Opoku J, Davies NN, Gallagher A, Hashim A, Evans HE, Rangarajan M, Slaney JM, Curtis 
MA. Generation of lys-gingipain protease activity in Porphyromonas gingivalis W50 is independent 
of Arg-gingipain protease activities. Microbiol. 2000; 146:1933–1940.
Andrian E, Grenier D, Rouabhia M. Porphyromonas gingivalis-Epithelial Cell Interactions in 
Periodontitis. J. Dent Res. 2006; 85:392–403. [PubMed: 16632751] 
Barnhart B, Lam JV, Young RM, Houghton PJ, Keith B, Simon C. Effects of 4E-BP1 expression on 
hypoxic cell cycle inhibition and tumor cell proliferation and survival. Cancer Biol Ther. 2008; 
7:1441–1449. [PubMed: 18708753] 
Bodet C, Chandad F, Grenier D. Inflammatory responses of a macrophage/epithelial cell co-culture 
model to mono and mixed infections with Porphyromonas gingivalis, Treponema denticola, and 
Tannerella forsythia. Microbes Infect. 2006; 8:27–35. [PubMed: 16153871] 
Brien-simpson NMO, Paolini RA, Hoffmann B, Slakeski N, Dashper SG, Reynolds EC. Role of RgpA, 
RgpB, and Kgp proteinases in virulence of Porphyromonas gingivalis W50 in a murine lesion. 
Infect Immun. 2001; 69:7527–7534. [PubMed: 11705929] 
Stafford et al. Page 11
Mol Oral Microbiol. Author manuscript; available in PMC 2016 August 22.
 Europe PM
C Funders A
uthor M
anuscripts
 Europe PM
C Funders A
uthor M
anuscripts
Bullon P, Cordero MD, Quiles JL, Ramirez-Tortosa MDC, Gonzalez-Alonso A, Alfonsi S, García-
Marín R, de Miguel M, Battino M. Autophagy in periodontitis patients and gingival fibroblasts: 
unraveling the link between chronic diseases and inflammation. BMC Med. 2012; 10:122. doi: 
10.1186/1741-7015-10-122. [PubMed: 23075094] 
Burns E, Bachrach G, Shapira L, Nussbaum G. Cutting Edge: TLR2 is required for the innate response 
to Porphyromonas gingivalis: Activation leads to bacterial persistence and TLR2 deficiency 
attenuates induced alveolar bone resorption. J Immunol. 2006; 177:8296–8300. [PubMed: 
17142724] 
Bélanger M, Rodrigues PH, Dunn WA, Progulske-fox A. Autophagy: a highway for Porphyromonas 
gingivalis in endothelial cells. Autophagy. 2006; 2:165–170. [PubMed: 16874051] 
Casella JF, Flanagan MD, Lin S. Cytochalasin D inhibits actin polymerization and induces 
depolymerization of actin filaments formed during platelet shape change. Nature. 1981; 293:302–
305. [PubMed: 7196996] 
Cerdà-Costa N, Guevara T, Karim AY, Ksiazek M, Nguyen K-A, Arolas JL, Potempa J, Gomis-Rüth 
FX. The structure of the catalytic domain of Tannerella forsythia karilysin reveals it is a bacterial 
xenologue of animal matrix metalloproteinases. Mol Microbiol. 2011; 79:119–132. [PubMed: 
21166898] 
Deshpande RG, Khan MB, Genco CA. Invasion of aortic and heart endothelial cells by 
Porphyromonas gingivalis. Infect Immun. 1998; 66:5337–5343. [PubMed: 9784541] 
Dickson MA, Hahn WC, Ino Y, Ronfard V, Wu JY, Weinberg RA, Louis DN, Li FP, Rheinwald JG. 
Human keratinocytes that express hTERT and also bypass a p16INK4a-enforced mechanism that 
limits life span become immortal yet retain normal growth and differentiation characteristics. Mol 
Cell Biol. 2000; 20:1436–1447. [PubMed: 10648628] 
Dorn BR, Dunn WA, Progulske-Fox A. Porphyromonas gingivalis traffics to autophagosomes in 
human coronary artery endothelial cells. Infect Immun. 2001; 69:5698–708. [PubMed: 11500446] 
Dowling RJO, Topisirovic I, Alain T, Bidinosti M, Fonseca BD, Petroulakis E. mTORC1-mediated cell 
proliferation, but not cell growth, controlled by the 4E-BPs. Science. 2010; 328:1172–1176. 
others. [PubMed: 20508131] 
Fravalo P, Menard C, Bonnaure-Mallet M. Effect of Porphyromonas gingivalis on epithelial cells 
MMP-9 Type IV collagenase production. Infect. Immun. 1996; 64:4940–4945. [PubMed: 
8945530] 
Grose C. Autophagy during common bacterial and viral infections of children. Pediatr Infect Dis J. 
2010; 29:1040–1042. [PubMed: 20562672] 
Gutierrez MG, Master SS, Singh SB, Taylor GA, Colombo MI, Deretic V. Autophagy is a defense 
mechanism inhibiting BCG and mycobacterium tuberculosis survival in infected macrophages. 
Cell. 2004; 119:753–766. [PubMed: 15607973] 
Hara K, Maruki Y, Long X, Yoshino K, Oshiro N, Hidayat S, Tokunaga C, Avruch J, Yonezawa K. 
Raptor, a binding partner of target of rapamycin (TOR), mediates TOR action. Cell. 2002; 
110:177–189. [PubMed: 12150926] 
Hay N, Sonenberg N. Upstream and downstream of mTOR. Genes Dev. 2004; 18:1926–45. [PubMed: 
15314020] 
Holt SC, Kesavalu L, Walker S, Genco CA. Virulence factors of Porphyromonas gingivalis. 
Periodontol 2000. 1999; 20:168–238. [PubMed: 10522227] 
Holt SC, Ebersole JL. Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia: the 
“red complex”, a prototype polybacterial pathogenic consortium in periodontitis. Periodontol 
2000. 2005; 38:72–122. [PubMed: 15853938] 
Honma K, Mishima E, Sharma A. Role of Tannerella forsythia NanH sialidase in epithelial cell 
attachment. Infect Immun. 2011; 79:393–401. [PubMed: 21078857] 
Inaba H, Kuboniwa M, Bainbridge B, Yilmaz O, Katz J, Shiverick KT, Amano A, Lamont RJ. 
Porphyromonas gingivalis invades human trophoblasts and inhibits proliferation by inducing G1 
arrest and apoptosis. Cell Microbiol. 2009; 11:1517–1532. [PubMed: 19523155] 
Jacinto E, Loewith R, Schmidt A, Lin Shuo, Rüegg MA, Hall A, Hall MN. Mammalian TOR complex 
2 controls the actin cytoskeleton and is rapamycin insensitive. Nat Cell Biol. 2004; 6:1122–1128. 
[PubMed: 15467718] 
Stafford et al. Page 12
Mol Oral Microbiol. Author manuscript; available in PMC 2016 August 22.
 Europe PM
C Funders A
uthor M
anuscripts
 Europe PM
C Funders A
uthor M
anuscripts
Jung CH, Ro SH, Cao J, Otto NM, Kim DH. mTOR regulation of autophagy. FEBS letts. 2010; 
584:1287–1295. [PubMed: 20083114] 
Jusko M, Potempa J, Karim AY, Ksiazek M, Riesbeck K, Garred P, Eick S, Blom AM. A 
metalloproteinase karilysin present in the majority of Tannerella forsythia isolates inhibits all 
pathways of the complement system. J Immun. 2012; 188:2338–2349. [PubMed: 22287711] 
Karim AY, Kulczycka M, Kantyka T, Dubin G, Jabaiah A, Daugherty PS, Thogersen IB, Enghild JJ, 
Nguyen K-A, Potempa J. A novel matrix metalloprotease-like enzyme (karilysin) of the 
periodontal pathogen Tannerella forsythia ATCC 43037. Biol Chem. 2010; 391:105–117. 
[PubMed: 19919176] 
Kato T, Tsuda T, Inaba H, Kawai S, Okahashi N, Shibata Y, Abiko Y, Amano A. Porphyromonas 
gingivalis gingipains cause G(1) arrest in osteoblastic/stromal cells. Oral Microbiol Immunol. 
2008; 23:158–164. [PubMed: 18279184] 
Kim DH, Sarbassov DD, Ali SM, King JE, Latek RR, Erdjument-Bromage H, Tempst P, Sabatini DM. 
mTOR interacts with raptor to form a nutrient-sensitive complex that signals to the cell growth 
machinery. Cell. 2002; 110:163–175. [PubMed: 12150925] 
Kim DH, Sarbassov DD, Ali SM, Latek RR, Guntur KV, Erdjument-Bromage H, Tempst P, Sabatini 
DM. GbetaL, a positive regulator of the rapamycin-sensitive pathway required for the nutrient-
sensitive interaction between raptor and mTOR. Mol Cell. 2003; 11:895–904. [PubMed: 
12718876] 
Kinane JA, Benakanakere MR, Zhao J, Hosur KB, Kinane DF. Porphyromonas gingivalis influences 
actin degradation within epithelial cells during invasion and apoptosis. Cell Microbiol. 2012; 
14:1085–1096. [PubMed: 22381126] 
Koziel J, Karim AY, Przybyszewska K, Ksiazek M, Rapala-Kozik M, Nguyen KA, Potempa J. 
Proteolytic inactivation of LL-37 by karilysin, a novel virulence mechanism of Tannerella 
forsythia. J Innate Immun. 2010; 2:288–293. [PubMed: 20375548] 
Kuboniwa M, Hasegawa Y, Mao S, Shizukuishi S, Amano A, Lamont RJ, Yilmaz O. P. gingivalis 
accelerates gingival epithelial cell progression through the cell cycle. Microbes Infect. 2008; 
10:122–128. [PubMed: 18280195] 
Kuramitsu HK. Proteases of Porphyromonas gingivalis: what don’ t they do? Oral Microbiol Immunol. 
1998; 13:263–270. [PubMed: 9807117] 
Lamont RJ, Chan A, Belton CM, Izutsu KT, Vasel D, Weinberg A. Porphyromonas gingivalis invasion 
of gingival epithelial cells. Infect. Immun. 1995; 63:3878–3875. [PubMed: 7558295] 
Laplante M, Sabatini DM. mTOR signaling at a glance. J Cell Science. 2009; 122:3589–3594. 
[PubMed: 19812304] 
Madianos PN, Papapanou PN, Nannmark U, Dahlén, Sandros J. Porphyromonas gingivalis FDC381 
multiplies and persists within human oral epithelial cells in vitro. Infect. Immun. 1996; 64:660–
664. [PubMed: 8550223] 
Martin M, Schifferle RE, Cuesta N, Vogel SN, Katz J, Michalek SM. Role of the phosphatidylinositol 
3 kinase-Akt pathway in the regulation of IL-10 and IL-12 by Porphyromonas gingivalis 
lipopolysaccharide. J immunol. 2003; 171:717–725. [PubMed: 12847238] 
Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues. Cell. 2011; 147:728–741. 
[PubMed: 22078875] 
Myneni SR, Settem RP, Connell TD, Keegan AD, Gaffen SL, Sharma A. TLR2 signaling and Th2 
responses drive Tannerella forsythia-induced periodontal bone loss. J Immunol. 2011; 187:501–
509. [PubMed: 21632710] 
Nakagawa I, Inaba H, Yamamura T, Kato T, Kawai S, Ooshima T, Amano A. Invasion of epithelial 
cells and proteolysis of cellular focal adhesion components by distinct types of Porphyromonas 
gingivalis fimbriae. Infect Immun. 2006; 74:3773–3782. [PubMed: 16790749] 
Nakajima T, Tomi N, Fukuyo Y, Ishikura H, Ohno Y, Arvind R, Arai T, Ishikawa I, Arakawa S. 
Isolation and identification of a cytopathic activity in Tannerella forsythia. Biochem Biophys res 
Commun. 2006; 351:133–139. [PubMed: 17054916] 
Nojima H, Tokunaga C, Eguchi S, Oshiro N, Hidayat S, Yoshino K, Hara K, Tanaka N, Avruch J, 
Yonezawa K. The mammalian target of rapamycin (mTOR) partner, raptor, binds the mTOR 
Stafford et al. Page 13
Mol Oral Microbiol. Author manuscript; available in PMC 2016 August 22.
 Europe PM
C Funders A
uthor M
anuscripts
 Europe PM
C Funders A
uthor M
anuscripts
substrates p70 S6 kinase and 4E-BP1 through their TOR signaling (TOS) motif. J Biol Chem. 
2003; 278:15461–15464. [PubMed: 12604610] 
Pei J, Grishin NV. Prediction of a caspase-like fold in Tannerella forsythia virulence factor PrtH. Cell 
cycle. 2009; 8:1453–1455. [PubMed: 19305154] 
Peng XD, Xu PZ, Chen ML, Hahn-Windgassen A, Skeen J, Jacobs J, Sundararajan D, Chen WS, 
Crawford SE, Coleman KG, Hay N. Dwarfism, impaired skin development, skeletal muscle 
atrophy, delayed bone development, and impeded adipogenesis in mice lacking Akt1 and Akt2. 
Genes Dev. 2003; 17:1352–1365. [PubMed: 12782654] 
Posch G, Pabst M, Brecker L, Altmann F, Messner P, Schäffer C. Characterization and scope of S-layer 
protein O-glycosylation in Tannerella forsythia. J Biol Chem. 2011; 286:38714–38724. [PubMed: 
21911490] 
Ready D, D’ Aiuto F, Spratt DA, Suvan J, Tonetti MS, Wilson M. Disease severity associated with 
presence in subgingival plaque of Porphyromonas gingivalis, Aggregatibacter 
actinomycetemcomitans, and Tannerella forsythia, singly or in combination, as detected by nested 
multiplex PCR. J Clin Microbiol. 2008; 46:3380–3383. [PubMed: 18701660] 
Revenu C, Athman R, Robine S, Louvard D. The co-workers of actin filaments: from cell structures to 
signals. Nat Rev Mol Cell Biol. 2004; 5:635–646. [PubMed: 15366707] 
Roy S, Honma K, Douglas I, Sharma A, Stafford G. Role of sialidase in glycoprotein utilisation by 
Tannerella forsythia. Microbiol. 2011; 157:3195–3202.
Sarbassov DD, Ali SM, Kim D, Guertin DA, Latek RR, Erdjument-bromage H, Tempst P, Sabatini 
DM. Rictor, a novel binding partner of mTOR, defines a rapamycin-insensitive and raptor-
independent pathway that regulates the cytoskeleton. Curr Biol. 2004; 14:1296–1302. [PubMed: 
15268862] 
Settem RP, Honma K, Nakajima T, Phansopa C, Roy S, Stafford GP, Sharma A. A bacterial glycan 
core linked to surface (S)-layer proteins modulates host immunity through Th17 suppression. 
Mucosal Immunol. 2012 doi: 10.1038/mi.2012.85. 
Sharma A, Inagaki S, Honma K, Sfintescu C, Baker PJ, Evans RT. Tannerella forsythia-induced 
alveolar bone loss in mice involves leucine-rich-repeat BspA protein. J Dent Res. 2005; 84:462–
467. [PubMed: 15840784] 
Sharma A. Virulence mechanisms of Tannerella forsythia. Periodontol 2000. 2010; 54:106–116. 
[PubMed: 20712636] 
Sharma A, Sojar HT, Glurich I, Honma K, Kuramitsu HK, Genco RJ. Cloning, expression, and 
sequencing of a cell surface antigen containing a leucine-rich repeat motif from Bacteroides 
forsythus ATCC 43037. Infect Immun. 1998; 66:5703–5710. [PubMed: 9826345] 
Sheets SM, Potempa J, Travis J, Casiano CA, Fletcher HM. Gingipains from Porphyromonas 
gingivalis W83 induce cell adhesion molecule cleavage and apoptosis in endothelial cells. Infect 
Immun. 2005; 73:1543–1552. [PubMed: 15731052] 
Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RL. Microbial complexes in subgingival 
plaque. J Clin Periodontal. 1998; 25:134–144.
Stafford G, Roy S, Honma K, Sharma A. Sialic acid, periodontal pathogens and Tannerella forsythia: 
stick around and enjoy the feast! Mol Oral Microbiol. 2012; 27:11–22. [PubMed: 22230462] 
Stathopoulou PG, Benakanakere MR, Galicia JC, Kinane DF. The host cytokine response to 
Porphyromonas gingivalis is modified by gingipains. Oral Microbiol Immunol. 2009; 24:11–17. 
[PubMed: 19121064] 
Stathopoulou PG, Galicia JC, Benakanakere MR, Garcia CA, Potempa J, Kinane DF. Porphyromonas 
gingivalis induce apoptosis in human gingival epithelial cells through a gingipain-dependent 
mechanism. BMC Microbiol. 2009; 9:107. [PubMed: 19473524] 
Suwannakul S, Stafford GP, Whawell SA, Douglas I. Identification of bistable populations of 
Porphyromonas gingivalis that differ in epithelial cell invasion. Microbiology. 2010; 156:3052–
3064. [PubMed: 20576685] 
Säemann MD, Haidinger M, Hecking M, Hörl WH, Weichhart T. The multifunctional role of mTOR in 
innate immunity: implications for transplant immunity. Am J Transplant. 2009; 9:2655–2661. 
[PubMed: 19788500] 
Stafford et al. Page 14
Mol Oral Microbiol. Author manuscript; available in PMC 2016 August 22.
 Europe PM
C Funders A
uthor M
anuscripts
 Europe PM
C Funders A
uthor M
anuscripts
Tanner ACR, Izard J. Tannerella forsythia, a periodontal pathogen entering the genomic era. 
Periodontol 2000. 2006; 42:88–113. [PubMed: 16930308] 
Tattoli I, Sorbara MT, Vuckovic D, Ling A, Soares F, Carneiro LAM, Yang C, Emili A, Philpott DJ, 
Girardin SE. Amino acid starvation induced by invasive bacterial pathogens triggers an innate host 
defense program. Cell Host Microbe. 2012; 11:563–575. [PubMed: 22704617] 
Weinberg A, Belton CM, Park Y, Lamont RJ. Role of fimbriae in Porphyromonas gingivalis invasion 
of gingival epithelial cells. Infect Immun. 1997; 65:313–316. [PubMed: 8975930] 
Yamatake K, Maeda M, Kadowaki T, Takii R, Tsukuba T, Ueno T, Kominami E, Yokota S, Yamamoto 
K. Role for gingipains in Porphyromonas gingivalis traffic to phagolysosomes and survival in 
human aortic endothelial cells. Infect Immun. 2007; 75:2090–100. [PubMed: 17296756] 
Yilmaz O, Young PA, Lamont RJ, Kenny GE. Gingival epithelial cell signalling and cytoskeletal 
responses to Porphyromonas gingivalis invasion. Microbiol. 2003; 149:2417–2426.
Yilmaz O, Jungas T, Verbeke P, Ojcius DM. Activation of the phosphatidylinositol 3-kinase/Akt 
pathway contributes to survival of primary epithelial cells infected with the periodontal pathogen 
Porphyromonas gingivalis. Infect Immun. 2004; 72:3743–51. [PubMed: 15213114] 
Yuk JM, Yoshimori T, Jo EK. Autophagy and bacterial infectious diseases. Exp Mol Med. 2012; 
44:99–108. [PubMed: 22257885] 
Stafford et al. Page 15
Mol Oral Microbiol. Author manuscript; available in PMC 2016 August 22.
 Europe PM
C Funders A
uthor M
anuscripts
 Europe PM
C Funders A
uthor M
anuscripts
Fig. 1. P. gingivalis degrades mTOR in both H357 and OK-F6 cells
(A) Invasion efficiencies of H357 and OK-F6 cells by P. gingivalis strains NCTC11834 and 
T. forsythia (ATCC 43037) were compared in an antibiotic protection assay and calculated 
from colony forming units (CFU) recovered intracellularly as a percentage of the total 
bacteria inoculated following incubation of the cells with bacteria for 90 min. Error bars 
represent standard errors and are representative of at least 3 separate observations. (B) Cells 
were seeded at a density of 500 cells/cm2 and following challenge with either P. gingivalis 
NCTC11834 or T. forsythia (ATCC 43037) at an MOI:100 for 4 h, cells were washed twice 
in PBS and protein extracted using RIPA buffer supplemented with protease inhibitors. 20 
μg of each sample was immunoblotted with both total and phosphorylated-mTOR antibody 
and visualised by chemiluminescence. GAPDH was used as loading control. Blots are 
representative of at least 3 independent observations.
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Fig 2. Protease inhibitors impede P. gingivalis mediated mTOR degradation in oral epithelial 
cells
Total protein was extracted from OK-F6 cells and quantified. P. gingivalis culture 
supernatants were then incubated with OK-F6 cell lysate in the presence of leupeptin (Leu) 
or. TLCK (TLCK), mTOR levels were probed for by blotting and visualised by 
chemiluminescence. Controls (Con) were cell lysates treated with culture supernatants in the 
absence of inhibitors. Blots are representative of at least 3 independent observations and 
relative intensities (compared to the control) are indicated.
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Fig. 3. mTOR degradation is mediated gingipains
(A) A triple rgp−kgp− gingipain mutant was created in P. gingivalis W50 rgpA::EmrgpB::Tet 
(E8,ΔrgpAΔrgpB) strain by introducing a chloramphenicol cassette within the kgp gene. P. 
gingivalis colonies were screened for TcR EmR CmR resistance to confirm kgp gene deletion 
and gingipain activities were determined in chromogenic assays using N-benzoyl-DL-Arg-p-
nitroanilide (BApNA) and N-(p-Tosyl)-Gly-Pro-Lys 4-nitroanilide acetate salt (TGPLNA) as 
substrates. (B) OK-F6 cells were seeded overnight in K-SFM containing 0.5% FCS (v/v) 
and after washing the cells were harvested and lysed into PBS. Cell lysates (20 μg) were 
treated with either culture supernatants containing secreted gingipains (cell-free gingipains) 
or with (C) whole bacterial cells from the same culture harbouring cell-associated gingipains 
from the P. gingivalis strains W50, E8 (rpg−), KIA (kgp−) and E18 (rgp−kgp−) for 30 min in 
the presence of cysteine after which mTOR levels were determined by blotting and 
visualised by chemiluminescence. GAPDH was used as a loading control. Cells treated with 
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BHI were used as control. Blots are representative of at least 3 independent observations and 
relative intensities (compared to the control) are indicated.
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Fig. 4. AKT is degraded following P. gingivalis treatment by both lysine- and arginine-specific 
gingipains
(A) Cells were seeded at a density of 500 cells/cm2 and following challenge with P. 
gingivalis NCTC11834 (Pg; MOI:100) for 4 h, cells were washed twice in PBS, scrapped in 
RIPA buffer supplemented with protease inhibitors and total proteins determined. Cells 
challenged with media only were used as control (Con). 20 μg of each sample was 
immunoblotted with both total and phosphorylated-AKT (S473) antibodies and visualised 
by chemiluminescence. GAPDH was used as a loading control. (B) OK-F6 cells were 
seeded overnight in K-SFM containing 0.5% (v/v) FCS and after washing the cells were 
scraped into PBS. Cell lysates (20 μg) were treated with culture supernatants from the P. 
gingivalis strains W50, E8 (rpg−), KIA (kgp−) and E18 (rgp−kgp−) for 30 min in the 
presence of cysteine after which mTOR levels were determined by blotting and visualised by 
chemiluminescence. Cell lysate treated only with culture media was included as control 
(Con). GAPDH was used as a control but is shown in Fig. 3B, since identical samples were 
used for these experiments (3B and 4B. Blots are representative of at least 3 independent 
observations and relative intensities (compared to the control) are indicated.
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Fig. 5. P. gingivalis alters the levels of signalling proteins in the mTOR pathway
(A) OK-F6 cells (~500 cell/cm2) seeded in K-SFM supplemented with 0.5% FCS (v/v) were 
challenged with P. gingivalis NCTC11834 (Pg; MOI:100) for 4 h (Pg). Unchallenged cells 
were included as control (Con). The media was discarded and after washing the cells twice 
in PBS, the cells were scrapped in RIPA buffer supplemented with protease inhibitors. 20 μg 
of each sample was immunoblotted with antibodies against the mTORC1 associated protein 
Raptor, the mTORC2 associated protein Rictor, G ?L (associated with both mTOR 
complexes), phosphorylated-4E-BP1 (a transcription factor which acts downstream of 
mTOR; (T37/46)) and  ?-actin. GAPDH was included as a loading control. Blots were 
visualised by chemiluminescence. Blots are representative of at least 3 independent 
observations.
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Fig. 6. Cytochalasin D inhibits invasion of oral epithelial cells by P. gingivalis
(A) Invasion efficiencies of H357 and OK-F6 cells by P. gingivalis strains NCTC11834 in 
the presence of cytochalasin D were compared in an antibiotic protection assay. Colony 
forming units (CFU) recovered intracellularly as a percentage of the total bacteria inoculated 
were calculated following incubation of the cells with bacteria for 90 min. Error bars 
represent standard errors and are representative of at least 3 separate observations. 
Percentage invasion is shown and reduction in invasion was found to be statistically 
significant (*, p<0.05). (B) Cytochalasin D inhibits P. gingivalis-mediated mTOR 
degradation. OK-F6 cells were seeded overnight at a density of ~500 cells/cm2 and the 
following day the media was replaced with K-SFM containing 0.5% (v/v) FCS. The cells 
were pre-treated with cytochalasin D (1 μg/ml) for 30 min after which they were challenged 
with P. gingivalis (MOI:100) for 4h (CytD/Pg). Total proteins were extracted in RIPA buffer 
supplemented with protease inhibitors and  ?-mercaptoethanol and 20 μg of each sample was 
probed for mTOR and visualised by chemiluminescence. Cells were treated with P. 
gingivalis only in the absence of cytochalasin D (Pg), cells treated with media (Con) and 
cells treated with cytochalasin D only (Cyt D). GAPDH was included as a loading control. 
Blots are representative of at least 3 independent observations.
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